Feasibility of home-based automated assessment of postural instability and lower limb impairments in parkinson&#8217;s disease by Ferraris, C. et al.
sensors
Article
Feasibility of Home-Based Automated Assessment of
Postural Instability and Lower Limb Impairments in
Parkinson’s Disease
Claudia Ferraris 1,4,* , Roberto Nerino 1, Antonio Chimienti 1, Giuseppe Pettiti 1, Nicola Cau 3,
Veronica Cimolin 2 , Corrado Azzaro 3, Lorenzo Priano 3,4 and Alessandro Mauro 3,4
1 Institute of Electronics, Computer and Telecommunication Engineering, National Research Council,
Corso Duca degli Abruzzi 24, 10129 Torino, Italy; roberto.nerino@ieiit.cnr.it (R.N.);
antonio.chimienti@ieiit.cnr.it (A.C.); giuseppe.pettiti@ieiit.cnr.it (G.P.)
2 Department of Electronics, Information and Bioengineering, Politecnico di Milano,
Piazza Leonardo da Vinci 32, 20133 Milano, Italy; veronica.cimolin@polimi.it
3 Istituto Auxologico Italiano, IRCCS, Department of Neurology and NeuroRehabilitation,
S. Giuseppe Hospital, 28824 Piancavallo, Oggebbio (Verbania), Italy; n.cau@auxologico.it (N.C.);
c.azzaro@auxologico.it (C.A.); lorenzo.priano@unito.it (L.P.); alessandro.mauro@unito.it (A.M.)
4 Department of Neurosciences, University of Turin, Via Cherasco 15, 10100 Torino, Italy
* Correspondence: claudia.ferraris@ieiit.cnr.it; Tel.: +39-011-090-5405
Received: 28 December 2018; Accepted: 26 February 2019; Published: 5 March 2019


Abstract: A self-managed, home-based system for the automated assessment of a selected set of
Parkinson’s disease motor symptoms is presented. The system makes use of an optical RGB-Depth
device both to implement its gesture-based human computer interface and for the characterization
and the evaluation of posture and motor tasks, which are specified according to the Unified
Parkinson’s Disease Rating Scale (UPDRS). Posture, lower limb movements and postural instability
are characterized by kinematic parameters of the patient movement. During an experimental
campaign, the performances of patients affected by Parkinson’s disease were simultaneously scored
by neurologists and analyzed by the system. The sets of parameters which best correlated with
the UPDRS scores of subjects’ performances were then used to train supervised classifiers for the
automated assessment of new instances of the tasks. Results on the system usability and the
assessment accuracy, as compared to clinical evaluations, indicate that the system is feasible for an
objective and automated assessment of Parkinson’s disease at home, and it could be the basis for the
development of neuromonitoring and neurorehabilitation applications in a telemedicine framework.
Keywords: Parkinson’s disease; UPDRS tasks; movement disorders; posture; postural stability; center of
mass; RGB-depth; automated assessment; machine learning; at-home monitoring; neurorehabilitation
1. Introduction
Among chronic neurodegenerative diseases, Parkinson’s disease (PD) is recognized as the second
most common disorder after Alzheimer’s disease. It causes an important negative impact on the
quality of life characterized by a progressive impairment in motor functions [1].
Neurologists employ clinical assessment scales, such as the Part III of the Unified Parkinson’s
Disease Rating Scale (UPDRS) [2], as a common basis to assess the motor impairment severity and
its progression over time. During the patient assessment, particular features of the movements (e.g.,
amplitude, speed, rhythm, hesitations) or of the posture (e.g., trunk flexion, one-side leaning and
posture recover capabilities) are subjectively evaluated by neurologists on a discrete scale of five classes
of increasing severity, with reliability limitations due to intra and inter-rater variability [3]. Aiming to
Sensors 2019, 19, 1129; doi:10.3390/s19051129 www.mdpi.com/journal/sensors
Sensors 2019, 19, 1129 2 of 21
improve the clinical management and the quality of life of individuals with PD, more objective and
automated approaches to disease assessment, also suitable for at home use, have been proposed.
The majority of these approaches employ wearable technologies [4,5], specifically in lower limbs
UPDRS tasks assessment [6]; fewer of them are based on optical tracking, smartphones and other
technologies [7,8]. Wearable and optical based technologies exhibit complementary aspects: the first
ones are more ubiquitous but they are also more invasive and require more management efforts; the
second ones are suited for spot assessment in a localized environment, but they are non-invasive. In
general, for the assessment, both approaches make use of the correlation existing between the severity
of the impairment, as assessed by UPDRS, and the static and/or kinematic parameters characterizing
the pose and the movements [9,10].
Recently many low-cost, optical, body and hand tracking systems [11–14] have been employed
successfully in the health care context. Among these, the Microsoft Kinect® v1 device has been
used to monitor people with PD [15], in rehabilitation [16,17], in body sway and balance [18,19], in
gait assessment [20] and gait anomalies detection [21], in identifying different subjects by kinematic
signature [22], in hand tracking [23] and to prevent falls [24]. The Microsoft Kinect v2 is more robust
and accurate as compared to Microsoft Kinect v1 [25], and it has been recognized a viable tool for
tracking human movement in clinical applications [26], standing balance and postural stability [27],
gait [28], body sway [29] and clinical motor functions [30]. In the specific context of neuro-degenerative
diseases, it has been used for time up and go test [31], in assessing different types of PD patients [32],
to classify gait disorders [33] and in neurological rehabilitation [34].
The work presented here is part of a more extensive project aimed to bring UPDRS compliant
automated assessments at patients’ home. In a former paper [35], we presented our work on the upper
limb UPDRS tasks. Instead, in this case, the assessment is based on a Microsoft Kinect v2 device and it
is focused on the analysis of posture and lower limb tasks, as specified by UPDRS [2]. This approach
guarantees both to compare results with the standard clinical assessment scales, accepted and used by
neurologists, and to define explicitly posture and movements to be performed. Furthermore, we select
those UPDRS motor items which are suitable to be self-managed by patients at home, considering
that some motor tasks are not feasible in any home environments. For example, according to task
specifications [2], Gait task (UPDRS task 3.10) requires a safe straight walking path of 4–10 m, which is
not usually available at home, as well as the Postural Stability task (UPDRS task 3.12) that cannot be
self-administered being based on a retropulsion test.
Specifically, we examine the following UPDRS tasks (Section 3, items 3.8, 3.9 and 3.13): Leg Agility
(LA), Arising from chair (AC) and Posture (Po). Concerning Postural Stability UPDRS task (PSretrop,
item 3.12), the standard retropulsion test used for the assessment is not a good predictor of fall risk.
Furthermore, the related step count parameter is a too rough estimator of the postural instability [36].
Nevertheless, postural stability assessment is important to prevent falls and injury risk in PD, especially
in advanced stages [37]. Postural stability deficits in PD subjects can be highlighted by concurrent
cognitive tasks or by secondary motor tasks during steady standing stance tasks [38]. Several studies
have found that, during the quite stance, the continuous movement of the center of mass (CoM),
named “postural sway“ or “body sway”, contributes to balance control [39–41]. Alterations of body
sway can reveal balance dysfunctions in PD, long before their clinical assessment [42] and they can
be used to differentiate between motor subtypes of PD [43]. Recently, low cost RGB-Depth devices
as Microsoft Kinect v2, have been used to assess objectively balance dysfunctions [44–46]. Given the
importance of postural stability in PD progression and risk of fall prediction, we analyze the postural
stability by CoM movements (PSCOM) during the posture task. Furthermore, we investigate also the
potential correlation between this method and a standard clinical measure of postural stability PSPIGD
based on the Postural Instability and Gait Difficulty (PIGD) subscale score of UPDRS, defined as the
sum of the scores assigned to the AC, Gait, PSretrop and Po tasks of UPDRS [47]. To our knowledge, this
is the first time, in the context of PD, that a set of UPDRS tasks (namely, LA, AC, Po) and the Postural
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Stability (PSCOM) during quite stance are automatically assessed by the use of low-cost optical body
tracking devices.
2. System Hardware and Software
The system hardware (Figure 1a) is built around a Microsoft Kinect v2 device (Microsoft
Corporation, Redmond, WA, USA), which provides through its Software Development Kit (SDK) [12],
RGB color and DEPTH streams at 30 frame/s, with resolution of 1920 × 1080 px and 512 × 424 px,
respectively. The range of depth is from 0.5 m to 4.5 m. The device is connected, via an USB 3 port, to a
NUC i7 Intel® mini-PC running Windows® 10 (64x) (Intel Corporation, Santa Clara, CA, USA) and
equipped with a monitor to provide both a system management GUI and the visual feedback of the
hand and body movements to the user (Figure 1b).
Figure 1. System for the lower limbs and postural tasks analysis: (a) RGB-Depth camera (Microsoft
Kinect v2), NUC i7 Intel mini-PC and monitor (b) example of GUI with visual feedback.
The system software is made by custom scripts, written in C++, which run on NUC and access
the SDK APIs, providing every 1/30 s RGB images and 25 three-dimensional (3D) coordinates of the
skeleton model used by the SDK (Figure 2).
Figure 2. Positions of joints of the skeleton model from Microsoft Kinect SDK: (a) three-dimensional
representation of joints and segments for body vertical axis (green), upper limbs (red), lower limbs
(blue); (b) two-dimensional re-projection of the same joints and segments on the RGB image.
The data analysis and the supervised classifier training and testing phases are based on custom
Matlab® scripts (Mathworks Inc, Natick, MA, USA). The software implements different functionalities
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of the system: real-time interaction by a Human Computer Interface (HCI) based on hand joint
tracking/processing and visual feedback; task movement analysis and characterization, by processing
the 3D positions of specific task-dependent sets of skeleton joints; automated assessment of posture and
lower limb tasks, through the implementation of trained supervised classifiers. Data of each acquisition
session (consisting of video of each task performance, user inputs, trajectories of body movements and
automated assessment scores) are encrypted and recorded to provide remote supervising facilities to
authorized clinicians.
3. The Human Computer Interface
The HCI provides a natural interface suitable for subjects with limited computer skills and with
motor impairments. It is implemented through a Graphical User Interface (GUI) and an interactive
menu based on choice icons (Figure 3). During the interaction with the system, the user is guided by
video and textual support. The 3D position of HandR joint, output by SDK, is tracked and re-projected
onto the GUI screen, and the user selection is confirmed by considering the hand closure information
provided by the SDK (Figures 1b, 2a and 3). At any time during an assessment session, the user can
stop it and quit, for example when tired, to avoid the onset of stress and/or anxiety.
Figure 3. Gesture-based HCI: (a) GUI for the selection of lower limbs and postural tasks; (b) GUI for
the selection of left/right leg before starting LA task.
4. Automated Assessment of UPDRS Tasks
4.1. Participant Recruitment
Two cohorts of subjects, consisting of fourteen PD patients and twelve Healthy Controls (HC)
respectively were recruited. The PD patients were assessed for the LA, AC, Gait, PSretrop and Po
tasks (UPDRS tasks 3.8, 3.9, 3.10, 3.12 and 3.13, respectively) by two neurologists (N1, N2) expert
in movement disorders. The postural stability score (PSPIGD) was assessed by the PIGD subscale
score obtained from the AC, Gait, PSretrop and Po UPDRS tasks [47]. Motor impairment is sensitive
to the time passed after the last drug intake; therefore, the OFF state (practically defined as that after
12 h without medication) was chosen as the reference for disease severity scoring. PD patients were
excluded if they had previous neurosurgical procedures, tremor severity > 1 or cognitive impairment
(Mini–Mental State Examination Score < 27/30). PD patients met the following criteria: Hoehn and
Yahr average score 2.1 (min 1, max 3); age range 53–80 years (mean 69, std. dev. 7.5). disease duration
range 3–10 years (mean 5.8, std. dev. 2.5), gender 8 men and 6 women. The HC subjects performed the
same tasks, in the same environmental conditions and with the same system setup of PD patients. The
HC cohort was selected trying to approximately match the PD cohort in age and gender, excluding
subjects affected by neurological, motor and cognitive disorders.
Informed consent was obtained in accordance with the Declaration of Helsinki (2008). The
study’s protocol was approved by the Ethics Committee of the Istituto Auxologico Italiano (Protocol n.
2011_09_27_05).
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4.2. Experimental Setup
An experimental setup has been built both to assess the accuracy of the system and to acquire
relevant clinical and kinematic data useful for the automated assessment of the UPDRS tasks.
The kinematic parameters evaluated by the system were compared with those evaluated by an
optoelectronic system, considered as gold reference (BTS SMART DX400©, eight TVC, 100–300 fps, BTS
Bioengineering, Milan, Italy) [48]. For this experiment, reflective markers were attached to the body
of the PD and HC subjects to evaluate kinematics of lower limbs, thorax, spine and head (Figure 4).
The biomechanical measurements of the lower body were modelled according to the Helen Hayes
Marker set [49,50] and those of the upper body were modelled according to the Plug In Gait model
(Vicon® Motion Systems, Oxford, UK) [51], focusing the attention only on thorax, shoulders and spine.
Three additional markers were put on the forehead (MHEAD), on the right (MRWRS) and the left wrist
(MLWRS) respectively, this to allow for the assessment of the head posture, CoM estimation and data
synchronization between our system and the optoelectronic system. The body markers relevant for the
accuracy assessment and their reference positions are presented in Table 1.
Figure 4. Details of the marker set placement positions.
Table 1. Markers of the optoelectronic system for the accuracy estimation.
Markers Definitions Positions Reference
C7 7th Cervical Vertebrae Spinous process of the 7th cervical vertebrae
LPSI/RPSI Left/Right PSIS Placed over Left/Right posterior superior iliac spine
LSHO/RSHO Left/Right Shoulder Placed on Left/Right acromioclavicular joint
LASI/RASI Left/Right ASIS Placed over Left/Right anterior superior iliac spine
LKNE/RKNE Left/Right Knee Placed on lateral epicondyle of the Left/Right knee
LANK/RANK Left/Right Ankle Placed on lateral malleolus along an imaginary line thatpasses through the trans-malleolar axis
MHEAD Head Placed on head (additional marker)
MLWRS/MRWRS Left/Right Wrist Placed on Left/Right wrist (additional markers)
4.3. Data Acquisition Procedure
During the experimental campaign, the HC and PD subjects were equipped with the set of
reflective markers shown in Figure 4, and were instructed to perform the UPDRS tasks. Their
performances were supervised and assessed by two neurologists and simultaneously acquired by
the two systems. The neurologist’ scores, the kinematic parameters and the videos of each task
performance were recorded for the subsequent analysis.
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The PD and HC subjects performed all the tests facing our system, that is, with the depth axis
of the Kinect device perpendicular to the subject frontal plane. The proper position of the subject
was verified both by the neurologists and by the system software, which checks the availability of
the whole Kinect skeleton and its correct positioning. The device was placed 1.2 m height and at a
distance of about 2 m from the subjects. No other object apart the chair, and limited to the AC and LA
tasks, was allowed in the working volume. At the beginning of each test, the subject elevated the right
arm three times, this to allow the synchronization between the two systems. The synchronization was
performed by time-shifting the signals of the arm elevation angles measured by the systems such that
their cross-correlation was maximized. The PD and HC subjects were told to perform the LA, AC and
Po tasks as indicated by the UPDRS guidelines. Furthermore, the PD subjects performed also the Gait
and the PSretrop tasks, in order to evaluate the PIGD sub-score. For the LA task both legs were assessed
independently. Two acquisition sessions were planned separated by an interval of thirty minutes to
allow subjects to rest.
In the first session a total of five tasks were assessed by the neurologists for the fourteen PD
subjects, and a total of three tasks were supervised for the twelve HC subjects. In the second session
the same tasks of the first one were repeated in random order. The body sway of the CoM movements
was measured during the Po task: in the first phase (indicated as Phase1) each subject was told to
stand up straight for ten seconds. Then, during the second phase (indicated as Phase2) each subject
was told to try to improve and maintain a more straight posture for other ten seconds: this can be
considered a sort of secondary motor task, that potentially can highlight differences between PD and
HC subjects [38].
4.4. Movement Characterization by Kinematic Parameters
The analysis and the related characterization of the considered UPDRS tasks make use of kinematic
parameters which are mainly estimated from angles between pairs of body segments, involving femur,
knee, tibia, spine and head. The body segments are defined by their distal and proximal points,
which in our system are assumed to correspond to the joints of the skeleton model of Figure 2. The
centroid of each segment is calculated as the midpoint between the proximal and distal extremities.
The postural stability is assessed by the body CoM, which is estimated by the weighted average of
the body segment centroids. In particular, the kinematic characterization of the LA, AC and Po tasks
is based on the evaluation of the angles ANGKNEE and ANGTRUNK. Only for the Po task two further
angles are considered: the forward ANGFORHEAD and lateral ANGLATHEAD bending angles of the head
respect to spine direction. Specifically, with reference to Figure 5 for the proximal and distal 3D points
relevant for the analysis, and to Figure 2a for the 3D skeleton joints involved, we considered:
• For the LA task (Figure 5a): the knee angle ANGKNEE between the A-B and B-C segments,
with A = HipR, B = KneeR and C = AnkleR for the right limb, and A = HipL, B = KneeL and
C = AnkleL, for the left limb;
• For the AC task (Figure 5b): the knee angle ANGKNEE defined above; the trunk angle ANGTRUNK
between the D-E segment and the vertical direction nˆ (i.e., the red arrow), with D = SpineS and
E = SpineB;
• For the Po task (Figure 5c): the knee angle ANGKNEE and the trunk angle ANGTRUNK defined
above. The bending of the head respect to spine is evaluated by the angles ANGFORHEAD
and ANGLATHEAD, projections of the angle between the SpineS-SpineB (D-E) segment and the
SpineS-Head segment on the sagittal and frontal body planes, respectively. The lateral body
plane is approximately identified by the plane containing the segments ShouldR-ShouldL and
SpineB-SpineS, while the sagittal body plane is perpendicular and contains the SpineB-SpineS
segment. Note that while ANGTRUNK has components in the sagittal and lateral body planes,
ANGFORHEAD and ANGLATHEAD have components only in the sagittal and in the lateral
planes, respectively.
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Figure 5. Segments involved in the estimation of the angular measures during lower limbs and postural
tasks: (a) LA task (b) AC task (c) Po task. Note that the depth axis of the Kinect device is perpendicular
to the subject frontal plane in all the tests, see Section 4.3).
The CoM is estimated during the Phase1 and the Phase2 of the Po task, both to evaluate the
postural instability and to evidence the effects of the secondary tasks. A subject specific quasi-static
center of mass Cb is evaluated by applying the kinematic method described in [52,53]. As indicated in
Equation 1, Cb is obtained by the weighted average of the body segment centroids (Ci), evaluated from
the skeleton model, where the weights wi are provided by standard body segment densities obtained
from anthropometric data [54]:
Cb =
1
N
N
∑
i=1
Ci ∗ wi (1)
The centroids Ci of the following segments made by pairs of skeleton joints are considered
(Figure 2a): Head-SpineS, ShouldR-WristR, ShouldL-WristL, SpineS-SpineB, HipR-AnkleR, and
HipL-AnkleL. Please note that Cb is a 3D point; but here only the transverse (or horizontal) plane
components are evaluated for the analysis of the body sway. Concerning the evaluation of the kinematic
parameters, the skeleton joints provided every 1/30 s by the Kinect SDK allow the estimation of the
relevant parameters at the same rate. In particular, the angles ANGKNEE, ANGTRUNK, ANGFORHEAD
and ANGLATHEAD were evaluated from the inner products of the pairs of unity vectors representing to
the body segments involved. The vertical direction nˆ, used to evaluated ANGTRUNK, was estimated by
the normal to the floor plane. The 3D orientation of the plane was obtained by segmentation of the
Kinect depth map using a RANSAC approach [55], with the upside direction of the Kinect skeleton
and the feet location as priors. The angle signals were resampled both to remove the typical jitter
of the Kinect sampling frequency, and to fit the sampling frequency of the optoelectronic system
(100 Hz). The signals are filtered to reduce noise by a second order low-pass Butterworth filter with
a cut-off frequency of 10Hz. Most of the significant kinematic parameters presented in the Results
and used as input to the classifiers were obtained by standard signal processing algorithms applied
to the sampled signals of the ANGKNEE, ANGTRUNK, ANGFORHEAD and ANGLATHEAD angles. The
velocity parameters were evaluated as the derivatives of the spline approximations to the angle signals
obtained through Matlab functions (unmkpp, mkpp and ppval). Specifically:
• For the LA task, the ANGKNEE signal is segmented in a sequence of flexion/extension movements
(cycles) by finding all the minimum-maximum-minimum sequences in the amplitude of the
angle signal. The peak to peak amplitude, the speed and the duration of every flexion/extension
movement of the leg is evaluated. Specifically, MKAm is the mean of the peak to peak amplitude
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maxima and MKAv is its standard deviation; TDm is the mean of the cycle durations and TDv
is its standard deviation; SPm is the mean of the speed maxima. Finally PM is the number of
“poor movements”, defined as the cycles whose amplitude and duration are both less than 25%
of the MKAm and the TDm values. This last parameter tries to catch hesitations and very small
amplitude cycles in a sequence of almost relevant cycles.
• For the AC task, the ANGTRUNK signal is segmented in a sequence of forward/ backward bending
movements (cycles) by finding all the minimum-maximum-minimum sequences in the amplitude
of the angle signal. Usually, only one peak is present, but hesitation during the movement or
some instability event can generate other peaks in the signal. These peaks are clinically relevant
and, consequently, have been considered in the assessment through the parameter NPeaks. MBA
is the maximum angular peak and TD is the duration of the main bending cycle containing MBA,
while SPm is the mean speed during the AC movement.
• For the Po task, during the quasi-static Phase1 are evaluated the bending angle FTB of the spine
respect to the vertical (mean of ANGTRUNK), the forward bending angle FHB (ANGFORHEAD) and
the lateral bending angle LHB (ANGLATHEAD) of the head. During the Phase2, the variations of
these angles (FTB∆, FHB∆, LHB∆) respect to Phase1 are evaluated.
• For the PSCOM task, the sway is defined as the CoM component in the transversal plane
(perpendicular to both the lateral and the sagittal body planes). In this plane, the Antero-Posterior
(AP) and Medio-Lateral (ML) axis are defined as the intersection of sagittal and lateral planes with
the transversal plane, respectively. The AP components of the range, total path length and velocity
of the sway (APr, APt and APv, respectively), and the ML components of the range, total path
length and velocity of the sway (MLr, MLt and MLv, respectively) are evaluated. Furthermore,
the sway area SwayArea (convex hull of the sway path) is also evaluated.
The Pearson’s correlation between the measures of the kinematic parameters provided by our
system and those measured by the optoelectronic system was used to assess the body tracking accuracy.
Because all the kinematic parameters for LA, AC, Po and PSCOM were obtained from the ANGKNEE,
ANGTRUNK, ANGFORHEAD and ANGLATHEAD angles and from the CoM components in the transversal
plane, only these last “essential” parameters were considered for the accuracy assessment.
The correspondences between optoelectronic markers (Figure 4 and Table 1) and Kinect joints
(Figure 2a) we adopted for the comparison are shown in Table 2. The optoelectronic angular parameters
corresponding to the essential ones were obtained by the marker correspondences of Table 2 and by the
same procedure we used for the Kinect joints in Section 4.4. The CoM measured by the optoelectronic
system was evaluated according to [51].
Table 2. Correspondences between body segments for Kinect and optoelectronic systems.
Parameter Kinect Segments Optoelectronic Segments
ANGKNEE Left/Right
HipL/HipR-KneeL/R LASI/RASI-LKNE/RKNE
AnkleL/R-KneeL/R LANK/RANK-LKNE/RKNE
ANGTRUNK SpineS-SpineB C7-MeanPSI a
ANGFORHEAD Head-SpineS MHEAD-C7
ANGLATHEAD Head-SpineS MHEAD-C7
CoM
Head-SpineS
ShouldR-WristR
ShouldL-WristL
SpineS-SpineB
HipR-AnkleR
HipL-AnkleL
MHEAD-C7
RSHO-MRWRS
LSHO-MLWRS
C7-MeanPSI a
RASI-RANK
LASI-LANK
a MeanPSI = (LPSI + RPSI)/2.
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4.5. Discriminant Parameter Selection
The choice of the best parameters used to train the classifiers was performed by selecting the sets
of kinematic parameters which best correlate with the UPDRS scores of subjects’ performances.
The initial sets of parameters considered to characterize every single task consisted of more than
ten parameters per set: they were chosen to be closely related to those features that are implicitly
considered by neurologists to assess the motor performance. These initial sets could potentially
include irrelevant and redundant parameters, which could hide the effects of the clinically relevant
ones, reducing the predictive power of the classifiers used for the automated assessments. To avoid
this, a feature selection (FS) procedure [56] is performed by the Elastic Net (EN) algorithm [57]. EN is a
hybrid of Ridge regression and LASSO regularization. EN encourages a grouping effect on correlated
parameters, and tends to be more conservative respect to LASSO or Ridge regression in removing
correlated parameters, a process which can select incorrect data model. This capability is important
when dealing with those features which are similar and tend to be moderately correlated. The EN
implementation is based on Matlab scripts (lasso Matlab function). To avoid biasing the results by the
different scaling, the PD parameters pi PD have been normalized (Equation (2)) by the corresponding
average values of the HC parameters pi HC. Then the normalized parameters range from the value 1
(pi HC ) to a maximum (pi PD Norm MAX > 1), or to a minimum (0 < pi PD Norm MIN < 1), depending if the
value of the specific parameter increases or decreases when the severity of the impairment increases.
The parameter Number of Poor movements (PM), whose minimum value is 0, was not normalized:
pi PD Norm = pi PD/pi HC, (2)
4.6. Statistical Analysis
Descriptive statistical analysis of the collected data by Mann-Whitney U and χ2 tests did not show
significant differences among PD and HC (age, gender, cognitive status), then the data were safely
pooled into two groups (PD and HC) for the following analyses.
We note that, as common in feature selection algorithms, the previous selection of parameters
based on the EN algorithm assumes the UPDRS scores are ratio data type, while they actually are
ordinal data. Then, to confirm the relevance of these parameters in the context of the ordinal nature of
the scores and to deal with their non-normal distributions, Spearman non-parametric rank correlation
at a significant level p < 0.05 was applied. Only those parameters showing a Spearman’s correlation
coefficient ρ greater than 0.3 (as absolute value) with respect to the UPDRS scores assigned to the
LA, AC and Po task performances were considered for the final sets. For the PSCOM task, the CoM
parameters were correlated with the PIGD subscale scores (PSPIGD).
Furthermore, as a support to the effectiveness of the selected parameters in the automated
assessment, the statistical significance of each parameter in discriminating PD and HC was considered
and verified by the Mann-Whitney U test with p < 0.05. All statistical analyses were performed
using Matlab. For the correct application of the test, only the data of the second acquisition session
were considered.
4.7. Supervised Classifier Training
Three different types of supervised classifiers have been considered for the automatic assessment
of the LA, AC, Po and PSCOM tasks: k-Nearest Neighbours (kNN), Multinomial Logistic Regression
(MLR) and Support Vector Machine (SVM) with polynomial kernel [58]. Two types of classification
problems were considered: first, a binary classification problem, where the subjects are classified into
the HC and the PD classes; second, a multiclass classification problem, where the subjects are classified
into the three PD classes of increasing severity. The design of this second experiment was suggested
by the distributions of the severity scores of the PD patients recruited for the study, which were
essentially distributed among slight, mild and moderate UPDRS severity scores [2], corresponding to
the UPDRS1, UPDRS2 and UPDRS3 classes, respectively. Furthermore, the severity scores distributions
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were adequately balanced among the classes for all the tasks (Table 3). The classifiers were trained
for each task (LA, AC, Po, and PSCOM) by using as input the sets of “selected kinematic parameter
vector—UPDRS score” pairs obtained from the reference dataset of performances. In particular, the
PSCOM classifiers was trained using the PIGD subscale scores (PSPIGD) as UPDRS score.
Table 3. Distribution of the severity scores among the UPDRS tasks.
UPDRS Severity Scores
UPDRS Task UPDRS1 (Slight) UPDRS2 (Mild) UPDRS3 (Moderate)
LAa 16 22 18
AC 12 11 5
Gait 12 8 8
PSretrop 8 6 14
Po 14 8 6
a In the LA task, both legs were assessed.
The input data have been normalized both to make more stable the training procedure and
to simplify the behavior of the parameters in the parameter space. Specifically, the parameters
pi PD Norm whose values increases with the worsening of the performance from 1 to their maximum
(pi PD Norm MAX > 1), are scaled in the range 0 to 1, while those whose values decrease with the
worsening of the performance from 1 to the their minimum (0 < pi PD Norm MIN < 1) are first reversed
and then scaled in the range 0 to 1. The score values are scaled in the range 0 to 1 as well.
The kNN classifiers were employed as baseline and implemented and tested by Matlab scripts
(fitcknn function). The classifiers were tested with parameter k = 1,3,5,7 using the Euclidean distance
metric. The tie breaking algorithm adopted was to decrease k by 1 until the tie is broken.
The MLR classifiers were implemented and tested by Matlab scripts (fitmnr function for ordinal
data with probit link function).
The SVM classifiers were implemented and tested by Matlab scripts with the support of the
LibSVM library package [59]. The kernel function of SVM classifier is polynomial with parameters: γ
(gamma), r (bias) and d (polynomial degree) and C (cost). Every SVM multiclass classifier uses the
one-versus-one coding design with majority voting scheme and is made by three binary SVM models,
all with the same parameters [60]. A grid-search and cross-validation method were used to find the
optimal values of the SVM parameter C, γ, r and d for the three binary classifiers.
4.8. System Reliability and Accuracy Evaluation
A commonly accepted measure of reliability in the context of clinical assessments is the Intra
Class Correlation coefficient (ICC). Accordingly, the reliability of the system assessments respect to the
neurologist ones was evaluated by the Intra Class Correlation coefficient ICCN12-SY (two-way random
effects model with an absolute agreement) [3]. The inter-rater agreement ICCN12 between the two
neurologists was evaluated and compared as a baseline with the inter-rater agreement ICCN12-SY
among neurologists and system, considering the system as a third “virtual” neurologist.
In the evaluation of ICCN12, the scores of the neurologists for the LA, AC, Po tasks and for
the subscale PSPIGD were considered, while for ICCN12-SY both the neurologist scores and the
corresponding system scores were used. Concerning the reliability of the remote video-based
assessments, motor examination of video recorded UPDRS tasks has already been demonstrated
to be a sufficiently accurate alternative to in field ones [61]. In machine learning context, it is more
common to assess the reliability of classifiers by their accuracy. Then, we evaluated also this measure of
system performance considering the mean accuracies of each classifier, both in discriminating between
PD from HC subjects (binary classification problem) and in classifying PD subjects into different
severity classes (multi-classes classification problem) [62].
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5. Results
5.1. Clinical Assessment Results
After collecting the clinical assessments at the end of the experiment, none of the performances
of the PD cohort were scored with normal (score 0) or severe impairment (score 4) for all the UPDRS
tasks considered. The distributions of the severity scores assigned to the PD patients among slight,
mild and moderate responses were relatively balanced for all the tasks (Table 3).
5.2. Accuracy of the Kinematic Parameter Evaluation
The measurement accuracy of Microsoft Kinect v2 in clinical estimation of motor
functions [27,28,30] and body CoM [18,19,25,27,29] has been previously assessed: this was confirmed
also by our experiment. The comparison of the parameter measurement respect to the gold reference
system cannot be performed directly because the Kinect skeleton model and the optoelectronic marker
set have different body landmark positions. Furthermore, for every parameter, we want to estimate an
average accuracy based on all the trials per task acquired.
Then, for every essential parameter i, characterizing one or more tasks, the parameter samples
of each associated task trials were joined together into a single parameter sample sequence (PSSi).
The PSSi sequences measured by the two systems were then compared by evaluating the Pearson
correlation coefficient ri. In Table 4, the ri coefficients indicate a significant correlation that ranges from
good to strong for all the examined parameters. In Figures 6 and 7 are shown two examples of the
ANGKNEE and the ANGTRUNK variations for a LA and an AC task trial. In Figure 6, it is interesting to
point out that the last movement is characterized by a significant reduction in amplitude and duration.
In Figure 7, the presence of a secondary peak indicates that the PD subject had an instability event at
the corresponding time. These anomalies are hardly identified by neurologists.
Table 4. Mean and standard deviation of the Pearson’s correlation coefficients for essential parameters
estimated by the two systems.
Parameter
Pearson’s Correlation Coefficient r a
Mean± Std. Dev. p-Valuea
ANGKNEE 0.94 ± 0.07 9.09 × 10−3
ANGTRUNK 0.87 ± 0.10 6.72 × 10−3
ANGFORHEAD 0.73 ± 0.20 3.98e × 10−2
ANGLATHEAD 0.71 ± 0.23 3.57 × 10−2
CoMAP 0.84 ± 0.11 3.18 × 10−3
CoMML 0.90 ± 0.09 8.94 × 10−3
a Significance level p < 0.05.
Figure 6. Example of the ANGKNEE variations during the LA task performance of a PD subject: the
last movement at 8.9 s is characterized by significant reduction in both amplitude and duration.
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Figure 7. Example of the ANGTRUNK variations during the AC task performance: the secondary peak
at 8.5 s indicates the presence of an instability event in the final standing stance.
5.3. Discriminant Kinematic Parameter Selection and Validation
The Spearman correlation values between selected parameters and UPDRS scores, and the
Mann-Whitney U test values concerning their significance in discriminating PD and HC subjects
are shown in Tables 5–8 for the LA, AC, Po and PSCOM tasks, respectively. We remark that, for
PSCOM task, the Spearman correlation was evaluated respect to the PSPIGD subscale scores. For the
correct application of the U test, only the data of the second acquisition session were considered.
The results in the tables show that all the selected parameters correlate with UDRS score (|ρ > 0.3|,
p < 0.05). Furthermore, they are all significant for Mann-Whitney test (p < 0.05), even though at
different significance levels. The mean values of the selected parameters respect to the UPDRS severity
classes are shown in the radar graphs of Figure 8 for all the tasks.
Table 5. Parameters of the LA task: discriminant power and correlation with UPDRS scores.
Mann-Whitney U Test Spearman Coefficient
Name Meaning (Unit) MedianHC
Median
PD Z p-Value
a ρ p-Value a
MKAm Mean of Maximum Knee Angle (degree) 32.41 25.02 1.93 5.37 × 10−2 −0.72 9.99 × 10−6
MKAv Var. of Maximum Knee Angle (-) 0.07 0.13 1.81 7.03 × 10−2 0.49 6.72 × 10−3
TDm Mean of movement Total Duration (s) 0.26 0.42 2.88 3.95 × 10−3 0.43 1.98 × 10−2
TDv Var. of movement Total Duration (-) 0.10 0.12 1.68 9.19 × 10−2 0.43 2.07 × 10−2
SPm Mean Speed of movement (degree/s) 114.8 64.20 3.00 2.66 × 10−3 −0.84 8.18 × 10−9
PM Num. of poor movements (#) 0.00 1.00 1.99 4.69 × 10−2 0.74 3.94 × 10−6
a Significance level p < 0.05.
Table 6. Parameters of the AC task: discriminant power and correlation with UPDRS scores.
Mann-Whitney U Test Spearman Coefficient
Name Meaning (Unit) MedianHC
Median
PD Z p-Value
a ρ p-Value a
MBA Maximum Bending Angle (degree) 17.50 31.26 3.18 1.44 × 10−3 0.75 4.00 × 10−7
TD Total Duration of S2S movement (s) 0.90 2.42 2.86 4.17 × 10−3 0.80 1.08 × 10−8
SPm Mean Speed of S2S movement(degree/s) 21.85 12.92 2.76 5.84 × 10
−3 -0.69 6.26 × 10−6
NPeaks Number of Bending Peaks (#) 1.00 1.00 1.13 2.59 × 10−1 0.63 5.65 × 10−5
a Significance level p < 0.05.
Table 7. Parameters of the Po task: discriminant power and correlation with UPDRS scores.
Mann-Whitney U Test Spearman Coefficient
Name Meaning (Unit) MedianHC
Median
PD Z p-Value
a ρ p-Value a
FTB Forward Trunk Bending (degree) 0.38 −5.69 2.71 9.88 × 10−4 −0.70 1.36 × 10−4
FTB∆ Var. of Forward Trunk Bending (degree) 0.35 0.27 0.18 8.55 × 10−1 0.43 5.54 × 10−2
FHB Forward Head Bending (degree) −1.83 −6.86 1.92 5.23 × 10−2 −0.78 5.90 × 10−6
FHB∆ Var. of Forward Head Bending (degree) 0.46 0.53 0.22 8.17 × 10−1 0.27 3.62 × 10−1
LHB Absolute Lateral Head Bending (degree) 2.05 3.02 0.53 6.07 × 10−1 0.59 2.39 × 10−3
LHB∆ Var. of Lateral Head Bending (degree) 0.19 0.43 1.53 1.25 × 10−1 0.43 6.54 × 10−2
a Significance level p < 0.05.
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Table 8. Parameters of the PSCOM task: discriminant power and correlation with UPDRS scores.
Mann-Whitney U Test Spearman Coefficient b
Name Meaning (Unit) MedianHC
Median
PD Z p-Value
a ρ p-Value a
APr CoM AP sway Range (cm) 0.59 1.13 1.80 7.20 × 10−2 0.59 3.24 × 10−3
APt CoM AP sway Total (cm) 1.49 3.28 2.23 2.50 × 10−2 0.65 2.54 × 10−2
MLt CoM ML sway Total (cm) 0.98 3.48 2.24 2.53 × 10−2 0.48 1.88 × 10−2
APv CoM AP sway Velocity (cm/s) 0.72 1.32 1.86 6.34 × 10−2 0.56 4.92 × 10−2
MLv CoM ML sway Velocity (cm/s) 0.48 1.49 2.24 2.53 × 10−2 0.42 4.25 × 10−2
SwayArea CoM Sway Area (cm2) 0.30 0.85 1.58 1.13 × 10−1 0.59 2.92 × 10−3
a Significance level p < 0.05; b The Spearman correlation was evaluated respect to the PSPIGD subscale scores.
Figure 8. Radar graphs of the mean values of the normalized kinematic parameters of HC and UPDRS
severity classes for the lower limbs and postural tasks: (a) Leg Agility (LA); (b) Arising from Chair
(AC); (c) Posture (Po); (d) Postural Instability (PSCOM); (e) Legend for the radar plots. See Section 5.3
for further details of the graph representation.
The parameters have been represented such that an increasing values indicate a worsening of
the performance, highlighted by a corresponding expansion of the related graph. For this reason,
the parameters of Tables 5–8 are represented in Figure 8 directly (with the original parameter name)
or inversely (with an overscore on the original parameter name), depending if the parameter value
increases or decreases when the severity of the impairment increases.
Furthermore, with reference to Section 4.5, the parameters are scaled in such a way that the
parameter values corresponding to the best performance (pi PD Norm = pi HC ) are represented on
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the innermost circle (i.e., value = 0) and those corresponding to the worst one (pi PD Norm MAX, or
1/pi PD Norm MIN, depending on the parameter) are represented on the outermost circle (i.e., value = 1).
Finally, it should be noted that almost all the parameters are able to discriminate the different
UPDRS classes for the LA, AC, Po and PSCOM tasks, pointing out the increasing severity of motor
impairment by the corresponding increasing of their values. The graphs are encapsulated and do not
overlap, which means that a monotonic increase of the parameter value corresponds to an increase
(and so a worsening) of the UPDRS score.
The Pearson correlation analysis of the CoM movements, as measured by our system and by
the optoelectronic system, shows that they are correlated both in the Antero-Posterior (AP) and in
Medio-Lateral (ML) components (Table 4). These values confirm the feasibility of Kinect in the accurate
estimation of center of mass movements. In Figure 9a, an example of CoM trajectories as measured
at the same time by the two systems is shown; the trajectory of center of mass resembles the gold
reference one, even if a scale factor is present. Figure 9b shows an example of the two phases of PSCOM
task: in particular, the CoM trajectory measured by the optoelectronic system while a PD subject is
performing the Phase1 (solid cyan line) and the Phase2 (solid red line) respectively. In Figure 9c, the
same movement as measured by our system is shown.
Figure 9. (a) Example of CoM trajectory of a PD subject represented in the Antero-Posterior (AP) and
Medio-Lateral (ML) components during the Po task, as measured by our system (green line) and by
optoelectronic system (black line); (b) Details of the trajectories during the first (cyan line) and second
phase (red line) of PSCOM task with the respective centroids (black dots) as measured by optoelectronic
system; and (c) as measured at the same time by our system.
In both figures, the secondary motor task (during which the PD subject is trying to improve and
then maintain a straighter posture) clearly increases the body sway along the AP direction, supporting
the hypothesis of a performance degradation for PD subjects respect to HC in this context. The shapes
of trajectories are quite similar: this confirms the feasibility of our system in acquiring the body CoM in
agreement with the gold standard. Again, there is a mild scaling and an offset between the centroids of
the trajectories measured by the two systems: this is probably due to the different landmark positions
of the body skeleton models considered and to the different algorithms used to estimate the CoM
position. Nevertheless, we remark that the CoM parameters we chose are independent from these
biases. Furthermore, they convey useful information which well correlates with clinical evaluations,
discriminating between PD from HC subjects, as indicated in Table 9. This is evident for almost all
the PD subjects, on AP and/or ML directions; on the contrary, this is negligible for HC subjects, as
confirmed by the values in the second and third column of Table 9. Furthermore, the differences of
the CoM parameters (Phase2 respect to Phase1) between PD and HC subjects are significant at level
p < 0.05, both for the U test and for the T test (column 5 and 6, Table 9).
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Table 9. Average differences of CoM parameters between Phase1 and Phase2 of the Po task for HC and
PD subjects.
PD Subjects HC Subjects Mann-Whitney U Test T Test
Name Phase2-Phase1 Phase2-Phase1 Z p-Value a p-Value a
APt 1.61 0.54 2.04 4.17 × 10−2 2.22 × 10−3
MLt 1.87 0.27 2.04 4.17 × 10−2 6.33 × 10−3
APv 1.14 0.52 2.11 3.44 × 10−2 9.86 × 10−4
MLv 1.04 0.45 1.97 4.89 × 10−2 1.11 × 10−3
SwayArea 1.88 0.25 2.13 3.28 × 10−2 7.19 × 10−3
a Significance level p < 0.05.
5.4. Reliability of the Assessments of the System and the Neurologists
The values for the inter-rater agreement between the neurologists N1 and N2 (ICCN12) and among
the neurologists and the system (ICCN12-SY) are shown in Table 10 (ρ values and 95% confidence
intervals). According to [3], the ICC values less than 0.5, between 0.5 and 0.75, between 0.75 and 0.9,
and greater than 0.90 are indicative of poor, moderate, good, and excellent reliability, respectively. In
the evaluation of the ICCN12-SY for PSPIGD, we use the system evaluated PSCOM, stressing both the
interpretation of PSCOM as a posture stability score and its good correlation with PSPIGD.
Table 10. Intra Class Correlations for the system and the neurologists assessment reliability.
Reliability/ Task LA AC Po PSPIGD
ICCN12 a 0.80 0.82 0.77 0.73
ICCN12-SY a 0.77 0.80 0.74 0.65
a Significance level: p < 0.05.
The ICCN12 values, as reported in Table 10, indicate a generally good agreement between the two
neurologists, with differences per task compatible with literature results. The results for ICCN12-SY
show the system does not degrade significantly the inter-rater agreement between the neurologists,
except for PSPIGD. This could be due to the limited number of subjects examined, or to the use of CoM
parameters not completely superimposable to PIGD subscale assessments. In fact, CoM parameters
are evaluated only in PSCOM task, e.g., during postural adjustments from the quiet stance and not in
other more challenging dynamic domains of postural stability characterization [37].
5.5. Accuracies of the Supervised Classifiers
The classification accuracies of the LA, AC, Po and PSCOM tasks are shown in Table 11. They are
obtained applying the leave-one-out and 10-fold cross validation method for the MLR, SVM and kNN
classifiers. Accuracies refer to two different classification goals per task: discriminating PD from HC
(two-classes classifier, binary problem) and classifying PD subjects into three UPDRS severity classes
(three-classes classifier, multiclass problem).
The kNN with k = 3 and SVM with polynomial degree d = 2 gave the best performance using the
leave-one-out cross validation, then these values were chosen for the system classifiers. In general,
the accuracies of SVM classifiers are better than the kNN and MLR ones. Furthermore, the results of
binary classification problem, in classifying HC and PD subjects, are quite better than the multiclass
classification ones. This behavior was not unexpected because, in general, the classifiers perform
worse on the same training data when the number of classification labels (i.e., classes) increases. In
reporting the multiclass classification accuracy is more appropriate to indicate the per-class accuracy
(fourth column for leave-one-out and sixth column for 10-fold of the Table 11), where the classification
accuracies are averaged over the classes [62]. The absolute classification error (ec) was defined as
the difference between the UPDRS class C, assigned by the neurologists, and the estimated class C’
assigned by the system to each motor performance i (ec = |Ci – C’i|). The ec value for the kNN and
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MLR classifiers is sometimes larger than 1 UPDRS class, even when their average accuracies are better
than that of the SVM classifiers. On the contrary, the ec value for the best SVM classifiers was never
greater than 1 UPDRS class for all the tasks; this means that the automatic assessments are always
close to the neurologist’ ones. This is also an important feature for the system reliability respect to an
average greater agreement but with large spot disagreements.
Table 11. Classification accuracies for the supervised classifiers.
LEAVE-ONE-OUT K-FOLD (10) a
Task Classifier HC-PD (2-Classes) UPDRS (3-Classes) HC-PD (2-Classes) UPDRS (3-Classes)
LA
SVM 95.6 68.9 96.5 73.6
KNN (k = 3) 94.5 51.7 96.5 58.0
MLR 89.6 68.9 89.6 70.5
AC
SVM 88.2 66.3 88.2 69.9
KNN (k = 3) 86.0 60.0 88.2 67.5
MLR 94.1 70.5 96.8 73.3
Po
SVM 91.6 68.0 93.5 68.2
KNN (k = 3) 95.8 70.8 95.0 68.9
MLR 83.3 62.5 81.7 58.8
PSCOM
SVM 95.2 58.3 93.2 59.6
KNN (k = 3) 92.8 41.6 95.7 45.8
MLR 95.8 50.0 91.9 52.1
a 100 iterations.
In addition, the results in Table 11 show that the two-classes accuracy is higher for LA and PSCOM,
while is slightly lower for the other two tasks. This is in agreement with the Figure 8, in which the AC
and Po graphs show more overlapping between UPDRS classes as compared to the LA and PSCOM ones.
The partial incoherence of some parameters in separating the different classes has probably an impact on
the classifier performance. The behavior of the two-classes classification accuracy is not repeated in case
of the three-classes classification, for which the worst performance is obtained for PSCOM task. This could
be due again to CoM parameters not directly comparable to PIGD subscale assessments. Looking at the
error distribution, we obtain a big contribution from UPDRS 3 class (i.e., most impaired PD subjects). The
limited number of observations assessed as UPDRS 3 suggests that some significant parameters, which
should have been considered, are probably missed, and could be included among the selected features
only by increasing the number of UPDRS 3 observations in the training set.
6. Discussion
The availability of low-cost home-based solutions for the reliable and automated assessment of
motor symptoms in Parkinson’s disease is highly desirable since it could provide several advantages,
among which: reduction of costs and patient discomfort; better and prompt supervising and adjustment
of the therapy; healthcare analytics for patient care improvements. Surely, among the features that
these solutions should exhibit, particularly important are: a non-invasive approach to the assessment;
a user-friendly interaction suitable to motor impaired users; an objective, continuous and automated
evaluation of patient status, strongly correlated with the standard clinical assessments; an improvement
of the reliability respect to the typical intra and inter-rater variability of the clinical evaluations.
In this paper, a self-managed system for the automated assessment of Parkinson’s disease which
tries to implement many of the aforementioned features is presented. The developed system is focused
on posture instability and motor impairments of lower limbs and it is one of the elements of a larger
project aimed to bring an overall automated assessment of UPDRS tasks at home [35].
As a first step, we addressed both the non-invasiveness and user-friendly interaction by a low-cost
system based on an RGB-D optical device, then providing a gesture based human computer interface
for the self-management of the assessment procedures. The usability of the interface was tested
and verified by PD users during a campaign of data acquisition sessions. Then, the accuracy of the
kinematic measures, as obtained by the system, was validated successfully by comparison with a gold
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standard equipment (i.e., an optoelectronic system). This was a necessary preliminary requirement,
since an objective evaluation of the patient status is based on the strong correlation existing between
motor impairments and kinematic parameters extracted from patient’s movements.
To reliably refer the system assessments to the clinical ones, the analysis of possible movements
was constrained to those specified by the UPDRS tasks. An experimental protocol was designed
in which PD patients and healthy controls were assessed at the same time both by neurologists
and by the system during the execution of the specific standard tasks defined by UPDRS. A feature
selection procedure yielded to sets of optimal parameters, both correlated to UPDRS clinical scores
and statistically significant in discriminating PD subjects from healthy controls. As shown in Figure 8,
not all these parameters have the same discriminant power to separate subjects among the different
PD severity classes; this is true especially for the AC and Po tasks. This is probably due to the limited
number of PD subjects examined: consequently, further experiments could improve the current results.
Following related works based on wearable systems [40,41], the postural stability of PD subjects
was characterized by CoM movements. We analyzed the CoM trajectories during the two phases of the
Po task (named PSCOM), assuming the Phase2 as a mild secondary motor task [38]. As in [40,41], large
differences in CoM trajectories of PD respect to HC were found. Differently to [41], a good correlation
between PSCOM parameters and the standard postural stability test (PIGD) was observed. This result
can be explained because of the different physical quantity and derived parameters considered by
the two approaches: CoM displacements in our case, derivative of CoM accelerations in [41]. On the
other hand, the CoM parameters in [40] have a closer physical relationship with ours: respect to us,
the authors did not find a significant correlation between the PIGD scores and the parameters they
selected, but this could probably be due to the exclusion of the retropulsion task from their analysis.
In conclusion, we found that the PSCOM parameters are related to PIGD score and are also statistically
significant: in fact, they clearly discriminate PD subjects from healthy controls, supporting the initial
hypothesis of a worsening of PD stability during the execution of secondary tasks.
The automated assessment of UPDRS tasks is performed by means of kNN, MLR and SVM
supervised classifiers, trained on the sets of selected parameters and the corresponding UPDRS scores
from reference datasets of performances of PD and HC cohorts. In general, the accuracy of the SVM
classifiers is better than those of the MLR and kNN classifiers. Besides, the binary-classification (i.e.,
HC versus PD) gives quite better results than the multiclass-classification, as expected. Moreover, in
the last case, the classification error for the optimized SVM was never greater than 1 UPDRS class for all
the tasks, and on the average well below of this value. This indicates that chosen classifiers are robust
and, in any case, they do not make assessments too far from neurologists. Furthermore, these results
agree with Table 10 about the measure of the inter-rater agreement ICCN12-SY, which indicate that the
system performs almost as a third neurologist, except for PSPIGD task. For this task, the lower value of
ICCN12-SY as compared to ICCN12 can be due to CoM parameters that are not directly comparable to
PIGD subscale assessments or to the limited number of PD subjects included in the training set.
Due to the novelty of our approach, based on low-cost optical RGB-D device, we cannot
compare directly the results of the classification accuracy with other similar works. Furthermore, a
limited attention has been devoted to the automated assessment of specific UPDRS tasks by motion
capture technologies. Then, we decided to refer to approaches based on wearable devices employing
supervised classifiers [63]. Even if not directly comparable with our tasks, Timed Up and Go (TUG)
test in [64] discriminate PD from HC by machine learning approach, with accuracy of 77.5%, which
is lower than the value we have obtained (Table 11). In [6] the accuracy values for the multiclass
classification of the LA and AC tasks are about of 43%, which are lower than ours (Table 11), even if
care must be taken because the number of classes considered is different.
Summarizing, to our knowledge this is the first time that posture instability and lower limb motor
tasks were assessed with reference to the clinical UPDRS context by a system based on optical RGB-D
device. The results on the classifier accuracies and on ICC show that the automated assessments of the
system are comparable with the clinical ones, then demonstrating their effectiveness. Furthermore, it is
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also the first time that a system based on low-cost optical device characterizes CoM movements for the
assessment of Parkinson’s Disease. Finally, another original feature is the interpretation of the posture
improvement during quite stance as secondary motor task, and the findings about its effectiveness in
assessing postural instability in PD subjects.
Certainly, some aspects of this work require a further investigation. For instance, the number
of analyzed subjects should be increased to obtain a more robust characterization of each single
task and a better accuracy in the automated assessments. Furthermore, the PD subjects should be
distinguished in phenotypes to verify if different sets of parameters could characterize different
subtypes of parkinsonians; other balance tests should be considered to assess balance instability. These
will be the next steps of our activity; the current findings encourage us to continue along this line of
research to achieve a comprehensive system for the automatic and reliable assessment of PD status,
suitable for the home monitoring of disease progression.
Limitations
Recently Microsoft announced that the Kinect device was discontinued [65], even if there is a
cooperation with Intel to provide a transition from Kinect to Intel RealSense [66] or Orbbec cameras [67].
Even though our current implementation relies on the Kinect for body tracking, the Orbbec SDK or
the sensor independent NUI Tracker middleware [68] are equivalent replacements for the purpose of
this work. Furthermore, according to the specifications, Intel RealSense D415 combined with the NUI
Tracker environment can output skeleton information at a double rate (60 fps) respect to Kinect device,
providing more accuracy for fast movements.
7. Conclusions
In this paper, a self-managed system for the automated assessment of Parkinson’s disease at home
is presented. The automated assessment is focused on lower limbs, posture and postural stability
tasks as specified by standard clinical assessment scales. A high usability of the system is guaranteed
to motor impaired users by a gesture based human computer interface. The patient movements are
characterized by sets of selected kinematic parameters which best correlate with clinical UPDRS scores,
collected in an experimental campaign conducted on PD subjects. The data acquired have been used to
train supervised classifiers employed for the automated assessment of new task instances. For the first
time, in the context of Parkinson’s disease, low-cost optical tracking devices are used to characterize
center of mass movements as an index of postural instability. Preliminary results on the assessment
accuracy, as compared to standard clinical evaluations, suggest that the proposed system is suitable for
an objective assessment of posture and lower limb UPDRS tasks, also in a domestic environment, and
then it could be the basis for the development of neuromonitoring and neurorehabilitation applications
in a telemedicine framework.
Author Contributions: C.F. and R.N. designed and developed the system, analyzed the PD data and wrote the
paper; A.C. and G.P. gave technical support on the development and contributed to review the paper; N.C. and
V.C. provided the optoelectronic facilities and data; C.A., L.P. and A.M. designed and supervised the clinical
experiment on PD subjects and assessed the patient performance.
Funding: This work was partially supported by VREHAB project, funded by the Italian Ministry of Health
(RF-2009-1472190).
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Pal, G.; Goetz, C.G. Assessing bradykinesia in Parkinsonian Disorders. Front. Neurol. 2013, 4, 1–5. [CrossRef]
[PubMed]
2. Goetz, C.G.; Tilley, B.C.; Shaftman, S.R.; Stebbins, G.T.; Fahn, S.; Martinez-Martin, P.; Dubois, B. Movement
Disorder Society-sponsored revision of the Unified Parkinson’s Disease Rating Scale (MDS-UPDRS): Scale
presentation and clinimetric testing results. Mov. Disord. 2008, 23, 2129–2170. [CrossRef] [PubMed]
Sensors 2019, 19, 1129 19 of 21
3. Richards, M.; Marder, K.; Cote, L.; Mayeux, R. Interrater reliability of the Unified Parkinson’s Disease Rating
Scale motor examination. Mov. Disord. 1994, 9, 89–91. [CrossRef] [PubMed]
4. Espay, A.J.; Bonato, P.; Nahab, F.B.; Maetzler, W.; Dean, J.M.; Klucken, J.; Eskofier, B.M.; Merola, A.; Horak, F.;
Lang, A.E.; et al. Movement Disorders Society Task Force on Technology. Technology in Parkinson’s disease:
Challenges and opportunities. Mov. Disord. 2016, 31, 1272–1282. [CrossRef] [PubMed]
5. Rovini, E.; Maremmani, C.; Cavallo, F. How Wearable Sensors Can Support Parkinson’s Disease Diagnosis
and Treatment: A Systematic Review. Front. Neurosci. 2017, 11, 555. [CrossRef] [PubMed]
6. Parisi, F.; Ferrari, G.; Giuberti, M.; Contin, L.; Cimolin, V.; Azzaro, C.; Albani, G.; Mauro, A.
Body-sensor-network-based kinematic characterization and comparative outlook of UPDRS scoring in
leg agility, sit-to-stand, and Gait tasks in Parkinson’s disease. J. Biomed. Heal Inf. 2015, 19, 1777–1793.
[CrossRef] [PubMed]
7. Godinho, C.; Domingos, J.; Cunha, G.; Santos, A.T.; Fernandes, R.M.; Abreu, D.; Goncalves, N.; Matthews, H.;
Isaacs, T.; Duffen, J.; et al. A systematic review of the characteristics and validity of monitoring technologies
to assess Parkinson’s disease. J. NeuroEng. Rehabil. 2016, 13, 24. [CrossRef] [PubMed]
8. Hasan, H.; Athauda, D.S.; Foltynie, T.; Noyce, A.J. Technologies assessing limb bradykinesia in Parkinson’s
disease. J. Parkinson’s Dis. 2017, 7, 65–77. [CrossRef] [PubMed]
9. Heldman, D.A.; Giuffrida, J.P.; Chen, R.; Payne, M.; Mazzella, F.; Duker, A.P.; Sahay, A.; Kim, S.J.; Revilla, F.J.;
Espay, A.J. The modified bradykinesia rating scale for Parkinson’s disease: Reliability and comparison with
kinematic measures. Mov. Disord. 2011, 26, 1859–1863. [CrossRef] [PubMed]
10. Espay, A.J.; Giuffrida, J.P.; Chen, R.; Payne, M.; Mazzella, F.; Dunn, E.; Vaughan, J.E.; Duker, A.P.; Sahay, A.;
Kim, S.J.; et al. Differential Response of Speed, Amplitude and Rhythm to Dopaminergic Medications in
Parkinson’s Disease. Mov. Disord. 2011, 26, 2504–2508. [CrossRef] [PubMed]
11. Han, J.; Shao, L.; Shotton, J. Enhanced computer vision with Microsoft Kinect sensor: A review. IEEE Trans.
Cybern. 2013, 43, 1318–1334. [CrossRef] [PubMed]
12. Microsoft Kinect 2 SDK. Available online: https://developer.microsoft.com/en-us/download/driver
(accessed on 4 December 2018).
13. Leap Motion Controller. Available online: https://www.leapmotion.com (accessed on 3 August 2018).
14. Intel Developer Zone. Available online: https://software.intel.com/en-us/realsense/previous (accessed on
3 August 2018).
15. Galna, B.; Barry, G.; Jackson, D.; Mhiripiri, D.; Olivier, P.; Rochester, L. Accuracy of the Microsoft Kinect
sensor for measuring movement in people with Parkinson’s disease. Gait Posture 2014, 39, 1062–1068.
[CrossRef] [PubMed]
16. Mousavi Hondori, H.; Khademi, M. A Review on Technical and Clinical Impact of Microsoft Kinect on
Physical Therapy and Rehabilitation. J. Med. Eng. 2014, 8465. [CrossRef] [PubMed]
17. Anton, D.; Berges, I.; Bermúdez, J.; Goñi, A.; Illarramendi, A. A Telerehabilitation System for the Selection,
Evaluation and Remote Management of Therapies. Sensors 2018, 18, 1459. [CrossRef] [PubMed]
18. Yeung, L.F.; Cheng, K.C.; Fong, C.H.; Lee, W.C.; Tong, K.Y. Evaluation of the Microsoft Kinect as a clinical
assessment tool of body sway. Gait Posture 2014, 40, 532–538. [CrossRef] [PubMed]
19. Yang, Y.; Pu, F.; Li, Y.; Li, S.; Fan, Y.; Li, D. Reliability and validity of Kinect RGB-D sensor for assessing
standing balance. IEEE Sens. J. 2014, 14, 1633–1638. [CrossRef]
20. Springer, S.; Seligmann, G. Validity of the Kinect for Gait Assessment: A Focused Review. Sensors 2016, 16,
194. [CrossRef] [PubMed]
21. Nguyen, T.N.; Huynh, H.H.; Meunier, J. Skeleton-Based Abnormal Gait Detection. Sensors 2016, 16, 1792.
[CrossRef] [PubMed]
22. Blumrosen, G.; Miron, Y.; Intrator, N.; Plotnik, M. A Real-Time Kinect Signature-Based Patient Home
Monitoring System. Sensors 2016, 16, 1965. [CrossRef] [PubMed]
23. Ferraris, C.; Nerino, R.; Chimienti, A.; Pettiti, G.; Pianu, D.; Albani, G.; Azzaro, C.; Contin, L.; Cimolin, V.;
Mauro, A. Remote monitoring and rehabilitation for patients with neurological diseases. In Proceedings of
the 10th International Conference on Body Area Networks (BODYNETS 2014), London, UK, 29 September–1
October 2014; pp. 76–82, ISBN 978-1-63190-047-1. [CrossRef]
24. Stone, E.E.; Skubic, M. Fall detection in homes of older adults using the Microsoft Kinect. IEEE J. Biomed.
Health Inf. 2015, 19, 290–301. [CrossRef] [PubMed]
Sensors 2019, 19, 1129 20 of 21
25. Wang, Q.; Kurillo, G.; Ofli, F.; Bajcsy, R. Evaluation of Pose Tracking Accuracy in the First and Second
generations of Microsoft Kinect. In Proceedings of the International Conference on Healthcare Informatics,
Dallas, TX, USA, 21–23 October 2015; ISBN 978-1-4673-9548-9. [PubMed]
26. Napoli, A.; Glass, S.M.; Ward, C.R.; Tucker, C.A.; Obeid, I. Performance analysis of a generalized motion
capture system using microsoft kinect 2.0. Biomed. Signal Process. Control 2017, 38, 265–280. [CrossRef]
27. Clark, R.A.; Pua, Y.H.; Oliveira, C.C.; Bower, K.J.; Thilarajah, S.; McGaw, R.; Mentiplay, B.F. Reliability
and concurrent validity of the Microsoft Xbox One Kinect for assessment of standing balance and postural
control. Gait Posture 2015, 42, 210–213. [CrossRef] [PubMed]
28. Müller, B.; Ilg, W.; Giese, M.A.; Ludolph, N. Validation of enhanced Kinect sensor based motion capturing
for gait assessment. PLoS ONE 2017, 12. [CrossRef] [PubMed]
29. Mishra, A.K.; Skubic, M.; Willis, B.W.; Guess, T.M.; Razu, S.S.; Abbott, C.; Gray, A.D. Examining methods
to estimate static body sway from the Kinect V2. 0 skeletal data: Implications for clinical rehabilitation. In
Proceedings of the 11th EAI International Conference on Pervasive Computing Technologies for Healthcare,
Barcelona, Spain, 23–26 May 2017; pp. 127–135. [CrossRef]
30. Otte, K.; Kayser, B.; Mansow-Model, S.; Verrel, J.; Paul, F.; Brandt, A.U.; Schmitz-Hübsch, T. Accuracy
and Reliability of the Kinect Version 2 for Clinical Measurement of Motor Functions. PLoS ONE 2016, 11,
e0166532. [CrossRef] [PubMed]
31. Kähär, H.; Taba, P.; Nõmm, S.; Medijainen, K. Microsoft Kinect-based differences in lower limb kinematics
during modified timed up and go test phases between men with and without Parkinson’s disease.
Acta Kinesiologiae Universitatis Tartuensis 2017, 23, 86–97. [CrossRef]
32. Rocha, A.P.; Choupina, H.; Fernandes, J.M.; Rosas, M.J.; Vaz, R.; Silva Cunha, J.P. Kinect v2 based system
for Parkinson’s disease assessment. In Proceedings of the IEEE 37th Annual International Conference on
Engineering in Medicine and Biology Society (EMBC), Milan, Italy, 25–29 August 2015; pp. 1279–1282. [CrossRef]
33. Li, Q.; Wang, Y.; Sharf, A.; Cao, Y.; Tu, C.; Chen, B.; Yu, S. Classification of gait anomalies from kinect.
Vis. Comput. 2018, 34, 229–241. [CrossRef]
34. Knippenberg, E.; Verbrugghe, J.; Lamers, I.; Palmaers, S.; Timmermans, A.; Spooren, A. Markerless motion
capture systems as training device in neurological rehabilitation: A systematic review of their use, application,
target population and efficacy. J. Neuroeng. Rehabil. 2017, 14, 61. [CrossRef] [PubMed]
35. Ferraris, C.; Nerino, R.; Chimienti, A.; Pettiti, G.; Cau, N.; Cimolin, V.; Azzaro, C.; Albani, G.; Priano, L.;
Mauro, A. A Self-Managed System for Automated Assessment of UPDRS Upper Limb Tasks in Parkinson’s
Disease. Sensors 2018, 18, 3523. [CrossRef] [PubMed]
36. Bloem, B.R.; Grimbergen, Y.A.; Cramer, M.; Willemsen, M.; Zwinderman, A.H. Prospective assessment of
falls in Parkinson’s disease. J. Neurol. 2001, 248, 950–958. [CrossRef] [PubMed]
37. Shoneburg, B.; Mancini, M.; Horak, F.; Nutt, J.G. Framework for understanding balance dysfunction in
Parkinson’s disease. Mov. Disord. 2013, 28, 1474–1482. [CrossRef] [PubMed]
38. Morris, M.; Iansek, R.; Smithson, F.; Huxham, F. Postural instability in Parkinson’s disease: A comparison
with and without a concurrent task. Gait Posture 2000, 12, 205–216. [CrossRef]
39. Frenklach, A.; Louie, S.; Koop, M.M.; Bronte-Stewart, H. Excessive postural sway and the risk of falls at
different stages of Parkinson’s disease. Mov. Disord. 2009, 24, 377–385. [CrossRef] [PubMed]
40. Ozinga, S.J.; Machado, A.G.; Miller Koop, M.; Rosenfeldt, A.B.; Alberts, J.L. Objective assessment of postural
stability in Parkinson’s disease using mobile technology. Mov. Disord. 2015, 30, 1214–1221. [CrossRef] [PubMed]
41. Mancini, M.; Horak, F.B.; Zampieri, C.; Carlson-Kuhta, P.; Nutt, J.G.; Chiari, L. Trunk accelerometry reveals
postural instability in untreated Parkinson’s disease. Parkinsonism Relat. Disord. 2011, 17, 557–562. [CrossRef]
[PubMed]
42. Ferrazzoli, D.; Fasano, A.; Maestri, R.; Bera, R.; Palamara, G.; Ghilardi, M.F.; Pezzoli, G.; Frazzitta, G. Balance
Dysfunction in Parkinson’s Disease: The Role of Posturography in Developing a Rehabilitation Program.
Parkinson’s Dis. 2015, 2015, 520128. [CrossRef]
43. Rezvanian, S.; Lockart, T.; Frames, C.; Lieberman, R.; Soangra, A. Motor Subtypes of Parkinson’s Disease Can
Be Identified by Frequency Component of Postural Stability. Sensors 2018, 18, 1102. [CrossRef] [PubMed]
44. Grooten, W.J.A.; Sandberg, L.; Ressman, J.; Diamantoglou, N.; Johansson, E.; Rasmussen-Barr, E. Reliability
and validity of a novel Kinect-based software program for measuring posture, balance and side-bending.
BMC Musculoskelet. Disord. 2018, 19, 6. [CrossRef] [PubMed]
Sensors 2019, 19, 1129 21 of 21
45. Napoli, A.; Glass, S.M.; Tucker, C.; Obeid, I. The automated assessment of postural stability: Balance
detection algorithm. Ann. Biomed. Eng. 2017, 45, 2784–2793. [CrossRef] [PubMed]
46. Dehbandi, B.; Barachant, A.; Smeragliuolo, A.H.; Long, J.D.; Bumanlag, S.J.; He, V.; Lampe, A.; Putrino, D.
Using data from the Microsoft Kinect 2 to determine postural stability in healthy subjects: A feasibility trial.
PLoS ONE 2017, 12, e0170890. [CrossRef] [PubMed]
47. Jankovic, J.; McDermott, M.; Carter, J.; Gauthier, S.; Goetz, C.; Golbe, L.; Huber, S.; Koller, W.; Olanow, C.;
Shoulson, I.; et al. Variable expression of Parkinson’s disease: A base-line analysis of the DATATOP cohort.
The Parkinson study group. Neurology 1990, 40, 1529–1534. [CrossRef] [PubMed]
48. BTS S.p.A. Products. Available online: http://www.btsbioengineering.com/it/prodotti/smart-dx
(accessed on 11 August 2018).
49. Kadaba, M.P.; Ramakrish, H.K.; Wooten, M.E. Measurement of lower extremity kinematics during level
walking. J. Othop. Res. 1990, 8, 383–391. [CrossRef] [PubMed]
50. Davis, R.B.; Ounpuu, S.; Tyburski, D.J.; Gage, J.R. A gait analysis data collection and reduction technique.
Hum. Mov. Sci. 1991, 10, 575–587. [CrossRef]
51. Gutierrez, E.M.; Bartonek, A.; Haglund-Akerlind, Y.; Saraste, H. Centre of mass motion during gait in person
with myelomengocele. Gait Posture 2003, 18, 37–46. [CrossRef]
52. Lafond, D.; Duarte, M.; Prince, F. Comparison of three methods to estimate the center of mass during balance
assessment. J. Biomech. 2004, 37, 1421–1426. [CrossRef]
53. González, A.; Hayashibe, M.; Bonnet, V.; Fraisse, P. Whole Body Center of Mass Estimation with Portable Sensors:
Using the Statically Equivalent Serial Chain and a Kinect. Sensors 2014, 14, 16955–16971. [CrossRef] [PubMed]
54. Clauser, C.E.; McConville, J.T.; Young, J.W. Weight, Volume, and Center of Mass Segments of the Human
Body. J. Occup. Med. 1971, 13, 270.
55. Van Crombrugge, I.; Mertens, L.; Penne, R. Fast Free Floor Detection for Range Cameras. In Proceedings of
the VISIGRAPP, Porto, Portugal, 27 February–1 March 2017; Volume 4, pp. 509–516. [CrossRef]
56. Guyon, I.; Elisseeff, A. An Introduction to Variable and Feature Selection. J. Mach. Learn. Res. 2003, 3, 1157–1182.
57. Zou, H.; Hastie, T. Regularization and variable selection via the elastic net. J. R. Stat. Soc. Ser. B (Stat. Methodol.)
2005, 67, 301–320. [CrossRef]
58. Data Mining: Practice Machine Learning Tools and Techniques. Available online: https://www.cs.waikato.
ac.nz/ml/weka/book.html (accessed on 28 September 2018).
59. Chang, C.C.; Lin, C.J. LIBSVM: A library for support vector machines. ACM Trans. Intell. Syst. Technol. (TIST)
2011, 2, 27. [CrossRef]
60. Rocha, A.; Goldenstein, S.K. Multiclass from binary: Expanding One-Versus-All, One-Versus-One and
ECOC-Based Approaches. IEEE Trans. Neural Netw. Learn. Syst. 2014, 25, 289–302. [CrossRef] [PubMed]
61. Louis, E.D.; Levy, G.; Côte, L.J.; Mejia, H.; Fahn, S.; Marder, K. Diagnosing Parkinson’s disease
using videotaped neurological examinations: Validity and factors that contribute to incorrect diagnoses.
Mov. Disord. 2002, 17, 513–517. [CrossRef] [PubMed]
62. Sokolova, M.; Lapalme, G. A systematic analysis of performance measures for classification tasks.
Inf. Process. Manag. 2009, 45, 427–437. [CrossRef]
63. Kubota, K.J.; Chen, J.A.; Little, M.A. Machine learning for large-scale wearable sensor data in Parkinson’s
disease: Concepts, promises, pitfalls, and futures. Mov. Disord. 2016, 31, 1314–1326. [CrossRef] [PubMed]
64. Palmerini, L.; Mellone, S.; Avanzolini, G.; Valzania, F.; Chiari, L. Quantification of motor impairment in
Parkinson’s disease using an instrumented timed up and go test. IEEE Trans. Neural Syst. Rehabil. Eng. 2013,
21, 664–673. [CrossRef] [PubMed]
65. Microsoft Kinect for Windows. Available online: https://developer.microsoft.com/en-us/windows/kinect
(accessed on 20 December 2018).
66. Intel. Intel Real Sense. Available online: https://realsense.intel.com/stereo/ (accessed on 20 December 2018).
67. Orbbec. Available online: https://orbbec3d.com/products/ (accessed on 20 December 2018).
68. NUI Track SDK. Available online: https://nuitrack.com/ (accessed on 20 December 2018).
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
